Escherichia coli B was cultured continuously in succinate-minimal medium under conditions of oxygen limitation in the phauxostat. With decreasing oxygenation and consequent decreasing growth rates, the complement of terminal cytochrome oxidases changed as follows: high growth rates, cytochrome o; intermediate growth rates, cytochromes o and d; lowest growth rates, cytochromes o, d, and at. Respiratory kinetics exhibited by nongrowing cell suspensions obtained from continuous cultures indicated that terminal oxidase activity was exhibited by cytochrome o (Km for 02 = 0.2 ,uM; V.,, = 1.1 to 1.5 Amol of 02 per nmol of cytochrome o per min) and cytochrome d (Km for 02 = 0.024 uM; V.,x = 0.7 ,umol of 02 per nmol of cytochrome d per min). During oxygen-limited growth, the molar growth yield referred to respiration, and corrected for maintenance respiration [Yo(max)], was 12.6 g (dry weight) per g-atom of oxygen, not significantly different from the succinate-limited value of 12.0 g (dry weight) per g-atom of oxygen. The rate of maintenance respiration of the oxygen-limited culture was only 3.4 mg-atoms of 0 per g (dry weight) per h, some threefold less than that of the succinate-limited culture. Respiration-driven proton extrusion did not vary with the growth rate or with the complement of terminal oxidases (H+/O = 3.7; standard deviation, 0.07). We conclude that the content of terminal oxidases is without effect on the efficiency of respiratory energy conservation. Using bacteria grown continuously under conditions of true oxygen limitation in the phauxostat (22), we have investigated the effects of varying dissolved-oxygen concentration on the complement of terminal oxidases of Escherichia coli B and the possible concomitant effects on the efficiency of respiratory energy conservation. We find that increasing the cellular concentration of cytochrome d with respect to cytochrome o over a wide range is without effect on the maximal molar growth yield versus oxygen consumption (14) and on the stoichiometry of respiration-driven proton translocation (26).
The procaryotes are capable of remarkable adaptation to facilitate growth when exposed to a variety of environmental changes. A striking example of such an adaptation is the variation of the composition of the respiratory sequence in enteric bacteria in response to changes in the availability of dissolved oxygen. When grown in the presence of excess dissolved oxygen, enterics possess a respiratory chain terminated by the oxidase cytochrome o; however, decreasing the dissolved oxygen concentration in the growth medium leads to derepression of synthesis of the oxidase cytochrome d in addition to cytochrome o (23, 27) .
Since the synthesis of cytochrome d in a variety of microorganisms has been shown to have been stimulated when the utilization of oxygen was restricted (1, 2, 33, 36) , cytochrome d may be rationalized to serve as an oxygen-scavenging system permitting continued respiratory metabolism in the face of oxygen scarcity. It has been reported, however, that increased affinity for oxygen consequent upon synthesis of cytochrome d is paid for by decreased efficiency of oxidative phosphorylation (23) . These observations were made with batch cultures not in a state of balanced growth.
Using bacteria grown continuously under conditions of true oxygen limitation in the phauxostat (22) , we have investigated the effects of varying dissolved-oxygen concentration on the complement of terminal oxidases of Escherichia coli B and the possible concomitant effects on the efficiency of respiratory energy conservation. We find that increasing the cellular concentration of cytochrome d with respect to cytochrome o over a wide range is without effect on the maximal molar growth yield versus oxygen consumption (14) and on the stoichiometry of respiration-driven proton translocation (26) .
MATERIALS AND METHODS
Continuous culture. Continuous cultivation of E. coli B was carried out in the phauxostat as previously described (22) except as noted here. Growth took place at 37°C in a minimal medium (13) containing 20 mM potassium succinate and 12.5 mM potassium phosphate at pH 6.8 ± 0.05. Vessels of 400-and 575-ml culture volumes (Blaessig Glass Specialties, Roches- ter, N.Y.) were employed in most of the experiments (14) , but a vessel of 3-liter culture volume (New Brunswick Scientific Co., Inc., Edison, N.J.) was used to achieve very low growth rates. The flow of growth medium was controlled by a Horizon Ecology Co. (Chicago, Ill.) pH meter/controller (model 5997) and a combination pH electrode immersed in the bacterial culture. 115 on July 7, 2017 by guest http://jb.asm.org/
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When microorganisms are cultivated in the phauxostat, the buffering capacity of the inflowing medium defines the steady-state population density in the culture according to the expression x = h (BCR), where x is the steady-state population density, h is the specific H+ change due to growth, and BCR is the buffering capacity of the medium in the reservoir (22) . With the medium and conditions employed in these experiments, the value of h was found to be -42 meq of HI per g (dry weight) at a growth rate of 0.45 h-'.
The steady-state dissolved-oxygen concentration was determined by the rate of oxygen consumption by the growing bacteria and the rate of oxygen addition through aeration. Either parameter could be varied at will, the former by adjusting the population density through changing the buffering capacity of the inflowing medium and the latter by changing the aeration rate. In these experiments, however, the buffering capacity was held constant, and the aeration rate was varied so as to effect changes of growth rate. To ensure that oxygen was supplied solely through aeration of the growing culture, the medium in the reservoir was kept anaerobic by continual passage of oxygen-free nitrogen.
Determination of yield and maintenance characteristics. The growth yield of bacteria versus the amount of oxygen consumed by the culture, as a function of growth rate during auxostatic growth limited by oxygen availability, was determined as described elsewhere (14) except that distilled water was used instead of saline solution for the preparation of cell suspensions.
Activities of the oxidases. The kinetics of oxygen consumption by suspensions of bacteria as a function of the dissolved-oxygen concentration were determined by a technique similar to that of Longmuir (20 The kinetics of respiration were determined as follows. The vessel was completely filled with succinatephosphate buffer solution, and then 0.1 to 2.5 mg (dry weight) of bacteria was added. A stable anaerobic base line was established through flushing with nitrogen and by respiration. At zero time, portions of air-equilibrated water were added to give initial dissolvedoxygen concentrations of from 0.07 to 7.8 uM 02. The time course of change of dissolved-oxygen concentration was followed, and a curve relating the rate of oxygen consumption to dissolved-oxygen concentration was prepared by drawing tangents to the timebased plot of oxygen consumption at numerous oxygen concentrations. The addition of the aerobic buffer to the vessel displaced an equal volume of the original contents. This resulted in a change (0.03 to 0.3%) in the total cell material contained within, which required a small correction in the velocity calculations.
Determination of cytochrome content. The cytochrome content of cells was estimated by difference spectrophotometry (29) . Dithionite-reduced versus oxidized difference spectra were employed to detect and quantitate cytochromes d, b1, and a,. Cytochrome o was determined by forming the carbon monoxide complex of a dithionite-reduced preparation and comparing its spectrum with that of a dithionite-reduced reference suspension (7) .
The wavelength pairs and extinction coefficients of the various cytochromes as given by Jones and Redfearn (17) and Chance (8) Starvation of cells was examined for its effect upon cytochrome content and was found to bring about no change. Bacteria prepared as described in the section on kinetics of respiration above were therefore used for estimation of cytochrome content since their rates of endogenous respiration were conveniently low.
Proton extrusion. The stoichiometry of respiration-driven proton extrusion (H+/O) was estimated in the manner described by Mitchell and his co-workers (26, 32) . For these measurements a glass vessel of 3-ml reaction volume, fitted with a pH electrode and portal for the addition of gases and reagents, was used. The vessel was maintained at 37°C by immersing it in a water bath, and the contents were stirred with a submersible magnetic stirrer.
The combination pH electrode (model 1885, Markson Science, Inc., Del Mar, Calif.) was coupled to an expanded-scale pH meter (model 245, Instrumentation Laboratory, Inc., Lexington, Mass.), and the output was recorded with the same recorder that was used for the determination of respiratory kinetics. The sensitivity of the pH detection system was as great as 0.01 pH unit for full-scale deflection, and the response time of the system was adequate to detect changes of as much as 5 neq of H+ per ml per s.
Upon establishment of the steady state of growth in the phauxostat (within a period of time to allow the flow of at least 5 culture volumes of medium through the vessel), the cell suspension was drained from the vessel and then harvested, washed, starved in chloramphenicol buffer, and again washed as described above, except that the bacteria were suspended to a final density of 10 to 15 mg (dry weight) per ml in 0.5 mM Bis-Tris buffer, pH 7. A 3-ml volume of this suspension, adjusted to 150 mM KCl and 60 mM KSCN and containing 300 U of canine carbonic anhydrase (Sigma Chemical Co., St. Louis, Mo.), was placed on ice with aeration for about 15 min. This suspension was then transferred to the assay vessel, rendered anaerobic with a stream of nitrogen gas, and titrated to pH 6.86 
RESULTS
Oxygen-limited continuous culture. We chose to vary the steady-state dissolved-oxygen concentration in the phauxostat vessel by the simnple expedient of varying the rate at which air was supplied to the culture. The dependency of growth rate upon aeration rate in two different vessels is shown in Fig. 1 . In a vessel of 575-ml culture volume, stirred at a constant rate, variation of the rate of aeration from 0.8 to 2.95 liters/h produced a linear response of specific growth rate over the range 0.12 to 0.4 h-'. A similar linear variation of growth rate was achieved by varying the aeration rate of the culture in a vessel of 400-ml culture volume. A different dependency of growth rate upon aeration rate was observed between the two vessels; this may be ascribed to differences in the rate of oxygen transfer from the gaseous to the liquid phase as the result of differences in geometry and stirring rate between the two vessels (9) . Extrapolation of the linear functions to the or- dinate resulted in a positive growth rate at "zero" air input; we attribute this finding to transfer of oxygen across the surface of the culture from the air space above. The magnitude of this deviation from the origin should again be determined by vessel geometry and stirring rate.
These results clearly demonstrate that the steady-state growth rates of the cultures are determined by aeration rate, which is consistent with the notion that the concentration of dissolved oxygen limits the rate of growth of the bacteria.
The effect of oxygen limitation on the cytochrome content. The extremes of variation in cellular content of cytochromes consequent upon oxygen limitation are shown in Fig.  2A , and representative carbon monoxide difference spectra are given in Fig. 2B . Figure 3 Oxygen-ited growth and the effi ciency of energy conservation. The effi ciency of energy conservation of intact bacteria was estimated by two independent methods determination of the maximum molar growtl yield of growing celLs (14, 30) versus oxyger consumption while under oxygen limitation, an( measurement of the stoichiometry of respiration-dependent proton extrusion after addition of limiting amounts of oxygen to anaerobic suspensions of nongrowing cells (26) .
Yo(max). Molar growth yields versus oxygen consumption were determined for oxygen-limited cultures at seven specific growth rates varying from 0.1 to 0.4 h-1 (Table 2) . A plot of 1/Yo versus 11D (dilution rate; see Table 2 , footnote a) as used previously (14) proton tranalocation. In the presence of the uncoupler, reabsorption of any residually extruded protons occurred within a 5-s period.
The complement of terminal oxidases varied widely over the range of oxygen-limited growth rates examined here (see Fig. 3 Button and Garver (4) and Johnson (16) attempted oxygen-limited growth in the chemostat by providing cells with only that oxygen which was dissolved in the inflowing medium. Although that procedure was theoretically acceptable, the low solubility of oxygen in water limited the steady-state population densities attainable to less than 10 ug (dry weight) per ml and thereby posed practical difficultie&
The feedback control system of MacLennan and Pirt (21) also employed the chemostat mode of austass. Growth rates were established by the rates at which the medium, containing excess amounts of all nutients, was pumped into the culture vesseL To effect oxygen limitation, an oxygen electrode circuit coupled to an appropriate control apparatus regulated the rate of oxygen delivery to the culture and thereby maintained a constant, preset dissolved-oxygen concentration. The employment of these additional devices detracts from the utility ofthis otherwise acceptable technique.
An elegant apparatus for oxygen limitation of growth was the early conception of Moss (27) . The constant rate of solution of oxygen into the culture medium, which could be varied by changing the partial pressure of oxygen in the inflowing gas mixture, and the density of the respiring cell population, which was turbidometrically controlled, acted in consort to establish a steady-state dissolved-oxygen concentration that set the growth rate of the culture.
The phauxostat (22) , a device analogous to that of Moss, differs in the manner of population density control and sets growth rate by varying the rate ofair input into the growth vesseL Many of the problems peculiar to turbidostatic control of population density do not occur when pH changes are used to monitor growth; we have previously discussed the advantages of the phauxostat over the turbidostat (22) . Moreover, oxygen-limited growth in the phauxostat does not require that the dissolved-oxygen concentration be monitored; it is therefore a simpler procedure than that of MacLennan and Pirt. The phauxostat is an apparatus well suited for limitation of microbial growth with any required gaseous nutrient.
Pirt has independently suggested that the pH change attending growth may be used for purposes of continuous culture (31) .
Oxygen-limited growth and the respiratory chain. In succinate-grown E. coli B grown with surplus aeration near the maximal growth rate, the sole terminal oxidase appeared to be cytochrome o. When growth was limited by decreasing the dissolved-oxygen concentration, the cells responded by increasing the cellular content of cytochromes bi and o and by synthesizing, in addition, cytochromes d and a,. Similar findings have been reported by other investigators of E. coli and other microorganisms (12, 18 Chance (7) and White (35) have shown that the composition of the electron transport sequence affects the reactivity of the terminal oxidase with oxygen. White's results especially have indicated that the intracellular concentration of reduced cytochrome b1 in Haemophilus parainfluenzae determines the overall respiratory rate and the Km for oxygen of the terminal oxidase. We feel justified in ascribing the respiration kinetics observed here to the properties of the terminal oxidases alone because of the simple first-order kinetics of oxygen utilization with respect to the oxygen concentration and because the V.. values we observed were essentially independent of the concentration of cytochrome b1.
The role of cytochrome a,, which has been demonstrated to be an operative terminal oxidase in some microorganisms (5) Stoichiometry of respiration-dependent proton extrusion and oxygen limitation. Assuming that two protons are mobilized per "site" of oxidative phosphorylation, the stoichiometry of proton extrusion versus oxygen consumption may be used to estimate the efficiency of oxidative phosphorylation in intact bacteria. (It must be pointed out that such an assumption as applied to mitochondria has been recently contested [3] .) We On these further grounds, we again reject the hypothesis offered by Meyer and Jones (23) . Those investigators employed unstarved bacteria, which in our hands resulted in highly variable results. Moreover, their failure to report the residual proton extrusion in the presence of proton-conducting uncouplers of oxidative phosphorylation makes interpretation of their results doubly difficult.
As indicated by the observed H+/O values, the P/O value as suggested by the stoichiometry of proton extrusion is about 1.8 mol of Pi esterified per g-atom of oxygen reduced. This is at odds with the P/O value inferred from molar growth yields corrected for maintenance metabolism (11): Yo(max)/YATP(max) = 12 g (dry weight) per g-atom of 0/10.3 g (dry weight) per mol of ATP = 1.2 mol of ATP per g-atom of oxygen. After correction for the contribution of substrate-level phosphorylation to ATP production, we arrive at a P/O value of 1.0 mol of Pi esterified per g-atom of oxygen reduced (14) .
A further discrepancy is seen when stiUl another, independent, method of assay of respiratory energy conservation is applied to E. coli B grown in the presence of excess succinate and oxygen. Intact, nongrowing ceUls carry out oxidative phosphorylation with a P/O value (directly determined) of about 3 mol of Pi esterified per g-atom of 0 consumed when smal amounts of oxygen are minxed with 'sPi-labeled cells (W.
P. Hempfling and E. L. Hertzberg, Methods Enzymol., in press). Therefore, three distinctly different estimates of the efficiency of oxidative phosphorylation can be made by three different methods. We must conclude that no single method is adequate to measure the efficiency of oxidative phosphorylation in E. coli; rather, the conditions of assay strongly influence the results obtained. Moreover, it seems warranted to question the assumptions inherent in the calculation of the P/O value. Although the respiratory apparatus is capable of fuUly competent oxidative phosphorylation (i.e., P/O = 3) in nongrowing cells, the measured H+/O values do not reflect such an efficiency. This observation may be due to the assumption that the value of H+/ATP in oxidative phosphorylation is 2 eq of H+ per mol of ATP. The value of H+/ATP may be lower. Perhaps one site of oxidative phosphorylation may operate without involvement of the proton translocation mechanism. Oxidative phosphorylation may be under novel controls in growing cells so that the efficiency estimated in nongrowing cells may reveal only potential, rather than operational, phosphorylation efficiencies. Alternatively, full oxidative phosphorylation may be carried out in growing cells, but most ATP formed may be soon hydrolyzed by some "wastage" mechanism (28) . That 
